The evolution of ferroelectric domains inside a single grain of a polycrystalline BaTiO 3 ceramic was investigated under quasistatic heating by using polychromatic scanning X-ray microdiffraction (µSXRD). Four domain orientations were observed, three of which exhibited a classic ~90° ferroelastic relationship. The fourth domain orientation was found to be crystallographically related to one of the other orientations by a rotation of either 180.47° or 0.47°. While heating the polycrystalline BaTiO 3 from room temperature to above the Curie temperature (125°C), all four ferroelectric domain orientations rotated towards a paraelectric cubic orientation which was found to be at an intermediate orientation relative to the four domain orientations. The crystallographic relationships of the domains with respect to paraelectric phase were explained using a domain structure model by Nepochatenko.
I. INTRODUCTION
Ferroelectric materials have been extensively used in microelectronic and sensing applications for more than 50 years because of their excellent piezoelectric properties 1 . BaTiO 3 was one of the first commercially viable ferroelectrics 2 and has been one of the most widely investigated ferroelectrics with its simple and well-known structure 3 . Upon cooling from a paraelectric phase, the polar axes of the individual unit cells within a ferroelectric BaTiO 3 can orient in certain crystallographic directions to minimize the overall energy of the system 4 . Clusters of these individual unit cells that are oriented in the same direction are called ferroelectric domains. The orientation of the domains depends on the crystal structure and the spontaneous polarization of the ferroelectric domains can be parallel to a cube edge (6 possible directions in total), body diagonal (8) and face diagonal (12) for tetragonal, rhombohedral and orthorhombic symmetries, respectively For example, γ = 89.44° for polycrystalline BaTiO 3 with c/a=1.0098 6 . Therefore, the angle between a and c axes of two adjacent domains is 0.54°.
Due to the relative ease of conventional ceramic processing [7] [8] , the most commonly employed ferroelectrics are processed in polycrystalline form in which the material is composed of a collection of crystallographic grains with distinct orientations. In ferroelectric polycrystalline materials, each grain contains domains that are oriented with respect to one another by specific crystal symmetry operations.
The domains belonging to the same grain are referred to as domain variants. The domain structure in ferroelectric ceramics exhibits a more complex pattern compared to single crystals. Several techniques such as transmission electron microscopy (TEM) [9] [10] , White Beam Topography 11 , Electron Back , optical microscopy and atomic force microscopy [13] [14] , etc. have been used to characterize the ferroelectric domain structure but quantitative information on the orientation, strain and mesoscale dynamics within the ferroelectric domains are often lacking.
Temperature dictates both the formation of the ferroelectric phase from the paraelectric phase and the lattice aspect ratio of the ferroelectric phase, the latter of which affects the orientation relationships between domains (Eq. 1). Experiments as a function of temperature can therefore be useful to measure the evolution of mesoscale domain patterns in polycrystalline ferroelectrics. During cooling from an elevated temperature, the domain variants experience a phase transformation from cubic to tetragonal and the orientation of the grain can be distinctly determined.
Ferroelectrics are extremely sensitive to the nature of the surface, defect structure, sample preparation [15] [16] and sample geometry 17 . Therefore, surface-sensitive characterization techniques may measure behavior that is not representative of the bulk. Synchrotron-based polychromatic Scanning XRay Microdiffraction (µSXRD), on the other hand, is a promising non-destructive tool with greater penetration depth than these other techniques (25µm penetration depth in BaTiO 3 at 5-16 keV as compared to 5 µm using conventional laboratory X-rays or electron microscopy), adequate resolution in strain (0.02%) and crystallite orientation (0.01°) as well as microfocusing capability providing submicron spatial resolution 18 . The fundamental principles of Laue or polychromatic X-Ray microdiffraction have been described elsewhere 19 and only a brief introduction is provided here. Laue microdiffraction utilizes microfocused polychromatic X-rays to illuminate an area of the sample as small as 1 µm 2 . Multiple diffracting planes then provide a Laue diffraction pattern of individual crystalline grains from a small region of material embedded in a polycrystalline material. Laue microdiffraction can be used in scanning mode (polychromatic µSXRD) by raster-scanning the sample under the X-ray microbeam and measuring a Laue pattern at each step to obtain orientation and/or strain maps of the sample. Furthermore, the recent implementation of fast data acquisition and analysis programs such as XMAS (X-Ray Micro Analysis Software) 20 as well as the development of highprecision diffractometers 20 provides unique opportunities for µSXRD. In the present work, the µSXRD technique is used to study the local, microscale and mesoscale behavior of polycrystalline ferroelectric materials during heating.
II. EXPERIMENTAL
A polycrystalline BaTiO 3 ceramic was prepared using conventional high temperature sintering 21 of BaTiO 3 powder (99.9% purity, with Ba/Ti ratio=1.00, Ferro Corp., Transelco Division). Figure 1 shows the SEM image of the BaTiO 3 sample investigated in this study. The nominal grain size was measured as approximately 20 µ m as determined from an independent EBSD study with a BaTiO 3 sample from the same batch. The sample dimensions measured 1 mm x 1 mm x 5 mm and no electric field was applied prior to the experiment. The sample was attached on a heating element by using high temperature conductive glue (AA-Bond 200 Adhesive) to prevent sample movement during heating.
The heating stage consists of a sample holder and a heating element bound by an Indium-Gallium coating to increase the conductivity. The temperature profile was monitored by one thermocouple attached to the surface of the sample (Fluke 87IV True RMS Thermometer), one from the heating element (Extech 421307 thermometer) and one with the IR thermometer (Extech Mini IR Thermometer 42500) pointed to the surface of the sample throughout the experiment. The sample was heated with steps up to and above the Curie temperature. The temperature variation between the thermometers did not exceed ±5°C for any temperature step.
For capacitance measurements, a sample was selected from the same batch and its surface was polished with fine paper to remove any surface contamination. The sample surfaces were sputtered with gold and a drop of silver paint was placed on the top of the electrodes to ensure a good electrical contact. Capacitance measurements were conducted using a Keithley 3330 LCZ meter at 0.1, 1, 10, and 100 kHz. Capacitance versus temperature measurements took place in an environmental chamber by heating up to 150°C with 5°C/min heating rate and cooling back to room temperature. The capacitance response of the BaTiO 3 sample was recorded during the heating followed by cooling and only the heating part is included the present work because the measurements during cooling are identical to those measured during heating. The temperature was measured with a thermocouple placed in the vicinity of the sample.
µSXRD experiments were carried out on the X-ray microdiffraction end-station (7.3.3) at the Advanced Light Source (ALS). The instrument has a capability of delivering an X-ray white beam (5-14 keV) with less than 1 µ m beam size by using a pair of elliptically bent mirrors in a Kirkpatrick-Baez configuration 19 . The diffraction patterns were collected with an area scan at room temperature and repeating at higher temperature steps. At each position of the area scans, the sample was exposed to Xrays for 2 seconds. The back-reflection Laue diffraction patterns produced by the white X-rays with 1 µm beam size were recorded using an X-ray CCD detector (MAR133) mounted on a vertical slide. The active area of the CCD camera had a diameter of 133 mm and the 1024 x 1024 pixels binned mode was used. The sample surface was set at 45° relative to the incoming beam and the detector. The distance from the CCD to the sample was determined to be 63.00 mm and the position of the center of the diffraction patterns on the CCD detector was determined to be at the pixel position (640.5,514.2). The orientation matrices in XMAS define the coordinates of the crystallites in the sample coordinate system unlike the standard definition of the orientation matrices as the direction cosines between the crystallites and the sample axes. Therefore, the orientation matrices must be normalized with the corresponding lattice parameters to convert the standard orientation matrices. The resultant orientations are a set of rotations that are a function of crystal symmetry. A proper representation of the independent of the crystal symmetry. Therefore, the orientations are required to be mapped to a unique solution, the so-called fundamental region 23 in the orientation space. The fundamental region 24 represents a region in the orientation space where the all symmetrically equivalent orientations can be mapped into a uniquely determined one. In order to find the misorientation between the orientations of the domains, the orientations were mapped into the corresponding fundamental region with the symmetry operators in corresponding crystal structures. The fundamental regions of the structure in the high temperature and low temperature regimes were determined using m3m and 4mm point symmetry respectively. The misorientations between the cubic-to-tetragonal and tetragonal-to-tetragonal orientations were calculated by using ODF/PF software package from Cornell University 22, 25 . As the misorientation convention, angle-axis pairs were used. This convention has a major advantage to show the misorientation angle and axis with respect to a reference orientation, information that is helpful when describing the misorientation angle between domains.
III. RESULTS AND DISCUSSION
Fig . 2 shows the capacitance versus temperature profile of the BaTiO 3 sample measured at several different frequencies. The peak in capacitance was measured as 125.32 °C ± 0.06°C for all four frequencies.
Diffraction images were collected from the polycrystalline BaTiO 3 ceramic as a function of temperature. At a given fixed temperature, an area of the sample of size 50 µ m x 50 µm was scanned using the 1 µm beam in steps of 1.5 µm. At room temperature, the diffraction pattern shows four close spots. One of these grains was selected as reference and the diameter of this grain was found to be 16.5 µm by translating the stage and observing the distance required for significant changes in the diffraction pattern that are indicative of sampling a different grain orientation. Fig. 3 shows the diffraction patterns of the reference grain recorded at room temperature ( Fig. 3a) and 150°C (Fig. 3b) , a temperature which is above the Curie temperature of BaTiO 3 . Note that Fig. 3a and 3b show orientations of the neighboring grains as well since the penetration depth of the x-rays were around 20µ m as aforementioned. These neighboring grains appear as distinctive spots compared to the reference grain and their orientations were confirmed to be different using an independent orientation fitting.
Furthermore, the spots that are identified as originating within the same grain were measured at all positions across the grain and exhibit diffuse scattering between them, indicating that they are not separated by a grain boundary. During the heating cycle from room temperature to above the Curie temperature, the spots gradually converge to one. This is illustrated in an enlarged portion of the diffraction pattern in Fig. 3c . Preceding the phase transformation from tetragonal to cubic, the ferroelectric domains transform to the overall orientation of the grain. At a temperature of 125°C, only one spot can be distinguished in the diffraction pattern. The coalescence of the diffraction spots correlate with the capacitance measurements presented in Fig. 2 and, therefore, the evolution of the ferroelectric domains within the grain. Furthermore, the relative positions of the spots as a function of temperature mimic the changes in the lattice parameters as a function of temperature. These observations suggest that the four different spots correspond to four unique domain orientations in a tetragonal perovskite crystal, a result which will be shown to be consistent with the expected domain wall orientations in this symmetry [26] [27] .
The changes in the lattice parameters play an important role in the formation of the domains.
During cooling, the lattice parameters in the tetragonal structure create an elastic driving force for the formation of the domain variants. Fig. 3(c) shows the temperature evolution of the (215) spots in the heating regime. The close spots are marked with a letter. As the temperature is increased to a value near the Curie temperature, these diffraction spots begin to coalesce. These spots then become the same orientation (identified as E in Fig. 3c) at temperatures above the Curie temperature. As the temperature is increased to above the Curie temperature, the diffraction spots coalesce to a single spot, E. The transformation of these spots represents the disappearance of the domain structure within the grain as the Curie temperature is passed and the material becomes paraelectric. From the calculated misorientation angle between the orientations of the domain variants and the orientation of the grain with spot E shown in Table 1 , none of the domains have an orientation that precisely equals that of the paraelectric cubic state. Nepochatenko 27 has shown that the domains can rotate a small angle during the cubic-to-tetragonal phase transformation to maintain the strain compatibility as a function of changing lattice aspect ratio. This rotation is relative to the sample coordinate axes and represents a rotation of the entire domain crystal axes; such a rotation is not the same as a polarization rotation involving crystallographic distortions as described in Ref. 30 . The rotation angle of the domain with respect to paraelectric phase is referred to as the phase matching angle as described in Ref. ) that represent the lattice parameters for cubic phase (a 0 ) change to tetragonal (a, c). These angles are required for strain compatibility between the domain and the paraelectric phase 26, 27 . The phase matching angle is calculated in the present work to be 0.28°±0.03° from the major axes between the orientation of the ferroelectric domains at room temperature and the high temperature paraelectric cubic state. The comparison of the orientation of the high temperature structure and the ferroelectric domains shows good agreement to the predicted phase matching angle. domain architecture in polycrystalline ferroelectrics is shown in Fig. 4(b) 
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. Ref. 4 discusses that this type of domain architecture exhibits the minimum elastic energy. In Fig. 4(a) , the schematic distributions of the domain c-axis orientation variants at room temperature are represented as directions. 
27.
The mismatch angle between domains A and D in Fig. 4(b) corresponds to twice the phase matching angle between the ferroelectric and paraelectric phase developed during the cubic-to-tetragonal phase transformation. Therefore, in the domain structure example of Fig. 4(b) , the ferroelectric polarization direction of domain A is either related to the polarization direction of domain D by a rotation of approximately 180.47° or 0.47° (using values of a = 3.9947 Å and c = 4.0336 Å) 8 . If the two domain orientations A and D are connected in real space, it is electrically unfavorable for them to be related by 11 a rotation of 0.47°. Therefore, a rotation of 180.47° is more likely. This observation is contrary to common acceptance that domains of opposite polarity are separated by 180° domain walls. While classically defined 180° domain walls may still exist in the present material, they are not measured in the current experiment. Instead, the current experiment provides evidence that unique domain orientations exist in a single grain in which the polarization can be tilted at angles of either 180.47° or 0.47°. These domains may be connected in real space (e.g., as shown for domains A and D in Fig. 4 ), or they may exist in different regions of the grain. If the domains are connected in real space, the structural nature of the interface between domains of this type is not yet well defined. However, it is noted that the lattice mismatch would require an elastic accommodation mechanism and the increasing lattice aspect ratio with decreasing temperature gradually changes this angle. Possible accommodation mechanisms may include a series of dislocations and/or elastic strain near the domain wall. The region of the diffraction pattern between the diffraction spots shows diffuse scattering (Fig. 3c ) which may support either of these mechanisms.
It is also important to mention that 180° domains are sometimes smaller than 1 µ m, which is the xray beam size used in the present experiment. Considering the x-ray beam penetrates the sample up to 20 µm, the observed diffraction pattern can be considered as describing the domain structure inside the grain, demonstrating that the technique is capable of observing these pseudo-180° domains even though the individual lamella may be thinner than the x-rays beam size.
By considering all the cube faces {100} as a possibility of spontaneous polarizations in tetragonal ferroelectrics, there can be four {110} 90° domain wall types relative to the cubic axis.
However, since there are six possible domain variants in tetragonal structures, a total of 24 90° domains wall orientations may develop in a three dimensional arrangement. Due to the ambiguity of the directions in X-rays where the positive and negative directions are not detectable, a maximum of 12 domain wall types could be detected using this µSXRD technique.
The orientations demonstrate that the spontaneous polarization vectors of the domains form perpendicular to the cube faces, {100}, or parallel to the cube edges, <100>. To illustrate this further, Fig. 5 shows the 001 pole figure for the domains inside of the reference grain at room temperature ( Fig.   5a ) and the 100 pole figure for the reference grain orientation in the high temperature cubic phase ( During heating from room temperature, the domains experience a slight orientation rotation and lattice parameter changes that result in the individual diffraction spots converging into a single diffraction spot at the Curie temperature. Fig. 6(a) shows the evolution of the a/c ratio calculated as a function of temperature. The error bars were determined from independent a/c calculations of the domains at given temperature. During the phase transformation, the relative change in orientations of the domains can be calculated from the refinement of the peak position. These orientation relationships are related directly to the changes in the lattice parameter. For instance, the angles between domains A and C and between domains B and D have been calculated to be 89.61° and 89.58°, respectively, at a temperature of 90°C. The angles between these domain pairs were calculated for all the different temperature from the (251) and (351) diffraction peaks. Fig. 6(b) shows the angular separations between the domain pairs A and C as well as B and D during heating. As the sample is heated to temperatures approaching the Curie temperature, the ferroelectric domains become more closely oriented to one another as well as become more closely oriented to the high temperature cubic orientation. The domains converge to a single orientation at temperatures near and above the Curie 13 temperature. The angular separation between the domains correlates well with the misorientation angle that is calculated from the c/a ratio using Eq. (1). The angular separation of the domain pairs is also well correlated with the capacitance versus temperature measurements as shown in Fig. 2 .
IV. CONCLUSIONS
The evolution of the ferroelectric domain structure inside the polycrystalline BaTiO 3 was investigated during quasistatic heating using scanning X-ray microdiffraction (µSXRD). Four domains are observed for certain reflections and the polarization direction associated with two of these domains are related by an angle of either 180.47° or 0.47°. These domains are classically defined as 180°
domains but are clearly separated in the diffraction experiment. The crystallographic relationships of the domains are explained using a domain structure model by Nepochatenko. While heating the polycrystalline BaTiO 3 from room temperature to above the Curie temperature, the ferroelectric domains coalesce by slight orientation rotations relative to the paraelectric axes that reflect their changing lattice aspect ratio. With the direct experimental observations, the technique is shown to be capable of studying ferroelectric domain structure embedded in polycrystalline ferroelectrics. Table 1 . The orientations at both temperatures have almost identical orientations and show a direct correlation between cubic and tetragonal phase. Table 1 
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